The ubiquitous use of antibiotics has led to an increasing number of antibiotic-resistant bacterial strains, including strains that are multidrug-resistant, pathogenic, or both. There is also evidence to suggest that antibiotic resistance genes (ARGs) spread to the environment, humans, and animals through wastewater effluents. The overall objective of this study was to investigate the effect of ultraviolet (UV) light disinfection on antibiotic-resistant bacteria. Wastewater effluent samples from a wastewater treatment plant (WWTP) in Texas were evaluated for differences in tetracycline-resistant bacteria before and after UV treatment. The effects of photoreactivation or dark repair on the reactivation of bacteria present in WWTP effluent after UV disinfection were also examined. Culturebased methods were used to characterize viable heterotrophic, tetracycline-resistant heterotrophic, Escherichia coli, and tetracycline-resistant E. coli bacteria present before and after UV treatment. UV disinfection was found to be as effective at reducing concentrations of resistant heterotrophs and E. coli, as it was at reducing total bacterial concentrations. The lowest survival ratio following UV disinfection was observed in tetracycline-resistant E. coli showing particular susceptibility to UV treatment. Photoreactivation and dark repair rates were found to be comparable to each other for all bacterial populations.
INTRODUCTION
The ubiquitous use of antibiotics has led to an increasing number of antibiotic-resistant bacterial strains, including strains that are multidrug resistant, pathogenic, or both.
Drug-resistant strains were first identified in hospitals.
Resistance for each antibiotic appeared not long after the antibiotic was introduced (Levy & Marshall ) . Significant amounts of antibiotic resistance genes (ARGs) are not only found in hospital settings, but in the environment as well. Antibiotic-resistant infections, and particularly those which are multidrug resistant, are more difficult to treat and cost more lives than a normal bacterial infection.
Some strains of Escherichia coli are resistant to six families of antibiotics, similarly, infections of P. aeruginosa and A. baumannii can be resistant to all or all but one antibiotics (Levy & Marshall ) . Clearly, ARGs pose a major health threat.
Resistance mechanisms have been identified for all of the major classes of antibiotics (Levy & Marshall ) .
This study focuses on tetracycline resistance because of the widespread use of tetracycline and high incidence of tetracycline resistance. Tetracycline resistance is the most common kind of resistance found in bacteria isolated from the environment as well as from animals (Billington et al. ) . In total, 47-89% of bacteria in various soil and water environments were found to be tetracycline resistant (Esiobu et al. ) . The antibiotics in the tetracycline family are broad-spectrum agents that work 
).
Little research has been done to date on the effect of UV irradiation on antibiotic-resistant bacteria. One study indicated that UV disinfection does not decrease the number of tetracycline resistance genes present and suggested that treatment did not likely reduce the concentration of tet(Q) and tet(W) genes in effluent (Auerbach et al. ) . However, this study focused on molecular methods and did not take into account viable counts of resistant bacteria or the possible effects of photoreactivation.
The overall objective of this study was to investigate the bactericidal effect of UV disinfection on antibiotic-resistant bacteria. Wastewater effluent samples from a WWTP in Texas were evaluated for differences in abundance of tetracycline-resistant bacteria before and after UV treatment. A culture-based method was used to characterize viable heterotrophic, tetracycline-resistant heterotrophic, E. coli, and tetracycline-resistant E. coli bacteria present before and after UV treatment. The effects of photoreactivation and dark repair on the reactivation of bacteria present in WWTP effluent after UV disinfection were also examined.
MATERIALS AND METHODS

Experimental design
Total heterotrophic bacteria, resistant heterotrophic bacteria, total E. coli, and resistant E. coli were enumerated using a culture-based method from wastewater samples taken before and after UV treatment. One WWTP effluent sample before and two samples after UV treatment were taken at the inlet and outlet of the UV disinfection chamber at the WWTP, respectively. Samples collected at the outlet of the UV disinfection chamber were exposed to reactivating conditions. One sample was kept under visible light conditions and the second sample was kept in darkness to promote photoreactivation and dark repair, respectively. Regular time interval sampling was performed for bacteria enumeration under repair using a culture-based method.
Plating was performed in triplicate.
Wastewater samples
Samples were collected from a wastewater treatment plant in southeast Texas on four different dates, summarized in Table 1 . Samples were collected in autoclaved 500 mL Pyrex ® bottles, leaving approximately 100 mL headspace.
On each collection date, one sample was collected immediately before UV treatment and two samples were collected immediately after UV treatment: one in a clear bottle and one in an aluminum-foil-covered bottle. All samples were stirred continuously on a magnetic stir plate under natural light conditions for 48 h at room temperature.
Bacterial enumeration
Heterotrophic bacteria, tetracycline-resistant heterotrophic bacteria, E. coli, and tetracycline-resistant E. coli were enumerated from each sample over a 48 h period for heterotrophs and 24 h period for E. coli. Bacteria enumeration was performed at time t ¼ 0, 0.5, 1, 2, 4, 6, 12, and 24 h for E. coli detection and 48 h for heterotrophic bacteria estimation. Ten-fold serial dilutions were performed as required to obtain appropriate colony forming units, and samples were spread plated on Difco ® nutrient agar for heterotrophs and MacConkey agar for E. coli. For the enumeration of resistant bacteria, 0.03 mM tetracycline was added to the agar after autoclaving. For each dilution level, triplicate plates were spread plated and were kept in the incubator at 37 ± 1 W C for 24 and 48 h for E. coli and heterotrophic bacteria, respectively.
Photoreactivation and dark repair kinetics
Equation (1) was used to determine the specific growth rate for the exponential growth phase of each bacterial culture.
The exponential growth phase was estimated graphically.
These rates were used to model growth curves for the cultures:
where μ ¼ specific growth rate for exponential bacterial growth (min À1 ); X ¼ number of organisms at time t (CFU/ mL); X 0 ¼ number of organisms at time, t ¼ 0 (CFU/mL);
Statistical analysis
One-way analysis of variance (ANOVA) with α ¼ 0.05 was performed to test the statistical significance in treatment means within and among treatments. Rate of UV repair of various bacteria in municipal wastewater effluent was also analyzed using one-way ANOVA with α ¼ 0.05.
RESULTS AND DISCUSSION
Disinfection efficiency immediately after ultraviolet exposure was determined for total heterotrophs (96%), resistant heterotrophs (89%), total E. coli (77%), and resistant E. coli (100%). Similar efficiencies were reported in previous studies for total heterotrophic bacteria and E. coli (Lindenauer & Darby ) . UV treatment effectively disinfected tetracycline-resistant heterotrophs and E. coli.
However, the disinfection efficiency for tetracycline-resistant heterotrophs was only 89%, lower than the 96% disinfection of total heterotrophs. be occurring in these samples. The amount of survival under dark repair conditions for both total heterotrophic and resistant heterotrophic bacteria was considerably higher than that reported in previous studies, including those by
Lindenauer & Darby () and Sanz et al. () . A possible explanation is that these studies enumerated either pure cultures or indicator organisms, while these data were acquired from the entire culturable heterotrophic community in the wastewater effluent, and thus could potentially include organisms with higher rates of dark repair than those used in the previous studies.
Figures 1(a)-1(d) show that E. coli bacteria make up a small fraction of the total heterotrophic population. Figure 1 (c) also illustrates that UV treatment was less effective at reducing the concentration of E. coli than heterotrophs.
However, it should be noted that concentrations of zero do not indicate that E. coli were not present but that the concentration was below the detectable level. clearly show that growth continues to occur in these treatments over time with the exception of resistant E. coli exposed to UV. The specific growth rates for these treatments are shown in Table 2 . The growth after UV treatment in the dark was faster than either growth before UV treatment or growth after UV treatment in the light for both heterotrophs and resistant heterotrophs (Table 2 ). This indicates that for heterotrophic bacteria the dark repair mechanism is more effective than photoreactivation. This is contradictory to the E. coli population where the growth before UV treatment and after UV treatment in light was similar, while the growth in dark repair was slower. The resistant heterotrophic bacteria and total heterotrophic bacteria had the same growth rates after UV treatment both in light and in dark. However, the resistant heterotrophs had faster growth before UV treatment than the total heterotrophs. Thus, it appears that the growth rates for heterotrophs and resistant heterotrophs are similar and the resistant heterotrophs have a longer lag time. Growth rates for tetracycline-resistant E. coli could not be compared since these cultures did not achieve exponential growth. This indicates that UV treatment is highly effective at disinfecting resistant bacteria specifically E. coli however it is not effective at maintaining disinfection. Table 3 shows the fractions of the total bacteria that were tetracycline-resistant before UV disinfection and after UV disinfection and exposed to light or dark over time.
Overall the resistant fraction varied over time. For heterotrophs, the resistance fraction after 48 h was slightly higher than the initial concentration. The heterotrophs exposed to UV all had a lower resistant fraction at 48 h than at 0 h, which is likely due to the longer lag phase observed in the growth of the resistant heterotrophs. At 0 h, there was a higher fraction of resistant heterotrophic bacteria in the samples taken after UV than before UV. At 48 h the fraction of resistant bacteria after UV was less than the fraction of resistant bacteria before UV, which is also consistent with the difference in kinetic constants between total heterotrophic bacteria and resistant heterotrophic bacteria. This indicates that exposure to UV light can initially select for tetracycline-resistant bacteria but the non-resistant bacteria quickly recover and no long term selection is seen. For E. coli, the resistant fraction was 0 after UV in light and dark. The fraction of resistant E. coli before UV treatment was slightly higher at 12 h than at 0 h. Once again this indicates that UV is highly effective at reducing resistant bacteria concentrations.
CONCLUSIONS
The overall objective of this study was to investigate the effect of UV light disinfection on antibiotic-resistant bacteria. Wastewater effluent samples from a WWTP in Texas were evaluated for differences in abundance and diversity of tetracycline-resistant bacteria before and after UV treatment. Culture-based methods were used to characterize viable heterotrophic, tetracycline-resistant heterotrophic, E. coli, and tetracycline-resistant E. coli bacteria present before and after UV treatment. The effects of photoreactivation or dark repair on the reactivation of bacteria present in WWTP effluent after UV disinfection were also examined.
Overall, UV disinfection was found to be at least as effective for reducing concentrations of tetracycline-resistant heterotrophs and E. coli as it was for reducing concentrations of total heterotrophs and E. coli. UV disinfection was found to be most effective at eliminating resistant E. coli since no resistant E. coli were present at a detectable level after UV treatment. However, results from this study indicate that UV treatment of heterotrophs, resistant heterotrophs, and E. coli experience regrowth and reactivation after UV exposure. All three treatments returned to the concentration before UV treatment within 12 h of UV exposure. This could indicate that UV treatment is not effective at maintaining low concentrations of bacteria and that the use of chlorine or ozone might provide better 
